Abstract. Flap endonuclease-1 (FEN1) is a key factor during the maintenance of genomic stability and protection against tumorigenesis. Since the identification of functional polymorphisms of FEN1 (rs174538 and rs4246215), numerous studies have evaluated the association between the two single-nucleotide polymorphisms and cancer risk. To derive a more precise estimation, a meta-analysis was performed on the association between the FEN1 polymorphisms (rs174538 and rs4246215) and cancer risk. Odds ratios (ORs) and 95% confidence intervals (CIs) were used to estimate the strength of the associations. Thirteen case-control studies, including 5,108 cases and 6,382 case-free controls, were identified. For rs174538, individuals with the GG or GA genotype had an increased risk of cancer when compared to the -69AA genotype (AA vs. GG: OR, 1.85; 95% CI, 1.65-2.08; P<0.00001; AA vs. GA: OR, 1.43; 95% CI, 1.27-1.60; P<0.00001; AA vs. GG+GA: OR, 1.28; 95% CI, 1.16-1.42; P<0.00001). For rs4246215, similar results were identified, as the GG or GT genotype was significantly associated with the increased cancer risk when compared to TT (TT vs. GG: OR, 1.71; 95% CI, 1.52-1.92; P<0.00001; TT vs. GT: OR, 1.34; 95% CI, 1.20-1.50; P<0.00001; TT vs. GG+GT: OR, 1.50; 95% CI, 1.35-1.67; P<0.00001). The present meta-analysis indicated that FEN1 rs174538 and rs4246215 polymorphisms may contribute to an increased risk of cancer.
Introduction
Flap endonuclease 1 (FEN1) is a versatile, structure specific and multifunctional nuclease involved in DNA replication and repair (1, 2) . Human FEN1, which is the archetypal member of the Rad2 nuclease family (3, 4) , is located on chromosome 11q12 and consists of two exons and one intron. FEN1 efficiently removed the 5'-flaps generated by Polδ/ε during repair synthesis of long-patch base-excision repair (LP-BER) and removed primers during lagging-strand DNA synthesis and Okazaki fragment processing (3, 5, 6) . Furthermore, FEN1 can be stimulated to promote apoptotic DNA fragmentation following apoptotic stimuli, acting as a 5' exonuclease (1) and a gap-dependent endonuclease (7, 8) , as reported via its ability to participate in multiple protein-protein interactions. Thus far, >30 FEN1-interacting proteins have been identified (2) . Of these FEN1 interaction partners, proliferating cell nuclear antigen (PCNA), which was initially identified as a replication accessory protein, accompanies FEN1 in all FEN1-involved DNA metabolic pathways except for the apoptotic DNA fragmentation pathway, suggesting a critical role of the FEN1/PCNA interaction in regulating LP-BER (9) . A tumor suppressor function for FEN1 has been shown in preclinical models (10) (11) (12) (13) (14) . Therefore, FEN1 has been considered as a key factor during maintenance of genomic stability and protecting against carcinogenesis.
However, being a multifunctional factor, mutation of FEN1 has been suggested to cause genomic instability and predisposition to cancer. The functional impairment of yeast RAD27 (the homolog of mammalian FEN1) leads to a marked increase in the rate of spontaneous mutations (8, 15, 16) . A recent study showed that groups of FEN1 mutations in cancer specimens that abrogated two of the three nuclease activities lead to cancer initiation and progression (17) . Yang et al (18) identified two single-nucleotide polymorphisms (SNP), -69G>A (rs174538, in the gene promoter region) and 4150G>T (rs4246215, in gene 3'-untranslated region), following thorough re-sequencing of the FEN1 locus in 30 Chinese Han healthy volunteers. The study identified that the -69G>A change leads to elevated promoter activity, which is most likely due to a higher binding affinity of the G allele with certain unknown transcriptional inhibitors. (19) . Therefore, a meta-analysis of the published studies was conducted to derive a more precise estimation of the association between FEN1 polymorphisms and cancer risk. In addition, reference lists of the main studies and reviews were also assessed by a manual search to identify additional relevant publications. The following criteria were used to select studies for further meta-analysis: i) Case-control studies; ii) studies that evaluated the association of FEN1 SNPs (rs174538 and rs4246215) on cancer risk; iii) studies that contained at least two comparison groups (cancer vs. control group); and iv) studies that included detailed genotyping data.
Materials and methods

Identification
The following exclusion criteria were used accordingly: i) The design of the experiments were not case-control studies; ii) the source of cases and controls, and other essential information were not provided; iii) the genotype distribution of the control population was departure from Hardy-Weinberg Equilibrium; and iv) reviews and duplicated publications.
Data extraction.
Evaluations of studies were performed independently by two investigators and data with discrepancies in identification were discussed by all investigators. For each included study, the following information was collected: First author, year of publication, country of origin, ethnicity, source of control, number of cases and controls, genotyping methods for rs174538 and rs4246215, total number of cases and controls, as well as number of cases and controls with A/A, A/G, G/G and T/T, T/G, G/G genotypes. All the case and control groups were well-controlled.
Statistical analysis. For the control group of each study, the allelic frequency was calculated. The strength of associations between FEN1 SNPs (rs174538 and rs4246215) and cancer risk were measured by odds ratio (OR) with 95% confidence interval (CI). For rs174538, the AA genotype was used as the reference genotype in all analyses. The risks of the GG and GA genotypes for cancers were estimated, compared to the AA homozygote, and subsequently the risks of GA+GG for cancer were evaluated, respectively. Accordingly, for rs4246215, the TT genotype was used as the reference genotype in all the analyses. The risks of the GT and GG genotypes for cancer were estimated, compared to the TT homozygote, and subsequently the risks of GT+GG for cancers were evaluated. The significance of the pooled OR was determined by the Z test. Statistical heterogeneity among studies was assessed with the Q and I 2 statistics. The Q test and I 2 were claimed to test the variation, which was due to heterogeneity or by random error. When the P-value of heterogeneity tests was P≤0.1, the random effects model was used. When the P-value of heterogeneity test was P≥0.1, the fixed effects model was used. Sensitivity analysis was also tested by removing one study at a time to calculate the overall homogeneity and effect size. Publication bias was evaluated by the funnel plot and further assessed by the method of Egger's linear regression test. All the statistical analyses were carried out with the Review Manager version 5.1 software (Revman; The Cochrane Collaboration, Oxford, United Kingdom). All P-values in the meta-analysis were two-sided, and P<0.05 were considered to indicate a statistically significant difference.
Results
Characteristics of studies.
A total of 19 sub-studies from 8 studies that fulfilled our search criteria were preliminarily identified for further detailed evaluation (Fig. 1) . One study was excluded as the designs of the experiments were not case-control studies. Two studies did not focused on FEN1 SNPs (rs174538 and rs4246215) and cancer risk. Two studies were excluded as there was no detailed genotyping data. Four studies were review comments. Finally, 13 sub-studies from 4 studies on rs174538 and rs4246215 genotypes and cancer risk were identified (18, (20) (21) (22) , including a total of 5,108 cancer cases and 6,382 case-free controls. The characteristics of the included studies are listed in Table I . The included studies were all based on Chinese populations. All were case-control studies, including lung cancer, breast cancer, glioma, hepatocellular carcinoma, esophageal cancer, gastric cancer and colorectal cancer. All the types of cancer were confirmed by histology or pathology. Additionally, the controls were mainly matched on age, of which all the studies were hospital-based. Quantitative synthesis. The frequency of the A allele varied widely across the 13 studies, ranging from 23 to 46% in rs174538 among 6,381 healthy controls (Table II) . The frequency of the T allele ranged from 35 to 46% in rs4246215 among 6,381 healthy controls (Table III) . The average frequencies of the A and T allele in the two polymorphisms (rs174538 and rs4246215) were 39 and 41%, respectively.
The main results of the meta-analysis are listed in Tables IV  and V . Overall, there was evidence of an association between the variant genotypes and cancer risk in different genetic Case  Control  Case  Control  First author, - Table IV . Risk of cancer associated with the genotypes of FEN1 -69G>A (rs174538). Table V . Risk of cancer associated with the genotypes of FEN1 4150G>T (rs4246215). Tests of heterogeneity. Statistically significant heterogeneity was observed between trials of the following analyses using the Q statistic. As shown in Fig. 2 , for AA vs. GG: P heterogeneity =0.05, I 2 =0, and therefore, a random effect model was performed; for AA vs. GA: P heterogeneity =0.99, I 2 =0, a fixed-effect model was performed; for TT vs. GG: P heterogeneity =0.56, I
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2 =0, a fixed-effect model was performed; and for TT vs. GT: P heterogeneity =0.91, I
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Publication bias. Begg's funnel plot and Egger's test were performed to assess the publication bias. The funnel plots did not reveal any clear asymmetry in all the genotypes (Fig. 3) , and the results of Egger's test revealed no publication bias (P>0.05).
Discussion
FEN1 exhibits a prominent role in maintaining genomic stability and protecting against malignant transformation through its involvement in DNA repair and other multiple DNA metabolic pathways (8) . Therefore, the structure or 
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functional deficiency of FEN1 may destroy the genomic stability to increase the risk of cancer. As previously mentioned, FEN1 mutations reduced nuclease activity to lead to cancer initiation and development (15) . FEN1 -69 G and 4150 G alleles, which were correlated to significantly decreased FEN1 mRNA expression in normal gastrointestinal tissues, were associated with increased gastrointestinal cancer risks compared to -69A and 4150T alleles in two independent case-control cohorts (21) . The FEN1 polymorphisms, rs174538 and rs4246215, may be common cancer risk factors.
In the present meta-analysis, all 13 case-control studies were pooled in a Chinese population to estimate the overall cancer risk of the SNPs. In the present study, the AA and TT genotypes were used as a reference genotype in all the analyses. For rs174538, it was found that individuals exhibiting the GG and GG/GA genotypes were significantly associated with an increased risk of cancer compared to the -69AA genotype. In the combined meta-analyses, the -69GG genotype had a 1.85-fold increased risk for cancer. Similar results were identified for rs4246215, all the genotypes were significantly associated with an increased cancer risk compared to the TT genotype (P<0.01). The present study indicated that functional rs174538 and rs4246215 were significantly associated with an increased risk of cancer. These results are consistent to the findings in breast cancer, lung cancer, hepatocellular carcinoma, esophageal cancer, gastric cancer, colorectal cancer and glioma from different medical centers of China (18, (20) (21) (22) , which confirmed our speculation that the functional genetic variants in the FEN1 gene may affect cancer risk as common factors.
When interpreting the results of the present study, certain limitations of the meta-analysis must be considered. Firstly, all the cancer cases and controls were hospital-based, and inherent selection bias may exist. Thus, it is important to validate these findings in a population-based prospective study. Secondly, the meta-analysis was based on pooled data and no individual data was available; thus, the risk of cancer could not be assessed according to stratification of gene-environment and other risk factors of cancer. Thirdly, all the subjects were Chinese, and all the genotyping methods in the included studies were polymerase chain reaction-restriction fragment length polymorphism. Further large-scale multicenter studies with more detailed individual data, with different environmental backgrounds are warranted to further validate the gene-gene and gene-environment interactions on SNPs and cancer risk.
In conclusion, the present meta-analysis provides evidence of the effects of FEN1 SNPs (rs174538 and rs4246215) on the cancer risk. The study indicated that functional rs174538 and rs4246215 were significantly associated with an increased risk of cancer in the Chinese population. Further studies based on different ethnicity are warranted to verify these findings.
